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SUMMARY
At least three subtypes of c�-bungarotoxin-sensitive acetylcholine
receptors (ciBgt-sensitive AChRs) exist in chick brain and retina.
All may contain previously unknown structural subunits. One
subtype contains o7 subunits. Another contains a8 subunits. A
third contains both 07 and e8 subunits. In this article, we
describe, for the first time, the pharmacological characterization
of u7 AChRs and tt8 AChRs immunoisolated from chick retina.
Pharmacologically, the 08 AChRs exhibit two classes of binding
sites, the high affinity of which have higher affinity for most
cholinergic ligands than do (17 AChRs. These differences are

most accentuated for ACh (‘-5400-fold), decamethonium
(-1400-fold), 1 ,1 ,-dimethyl-4 phenylpiperazinium (‘-200-fold),
atropine (-200-fold), nicotine (‘-1 00-fold), and tetramethylam-
monium (‘-1 00-fold). The a8 AChR low affinity sites exhibit

affinities that are similar but not identical to that of a7 AChRs.
Many of the pharmacological differences between the a7 AChRs
and c�8 AChRs can be attributed to the limited differences
between the amino acid sequences of the N-terminal region of
the �7 and �8 subunits because expressed a7 homomers and
c�8 homomers also exhibit these characteristic differences.1

‘!‘he welicharacterized ci Bgt-sensitive muscle-type AChR

from lorpedo electric organ has provided the foundation for

understanding the structure and function of all the neuronal

AChRs and other members of the ligand.gated ion channel

supertaniils (reviewed in Refs. 1-3). eBgt-binding sites with

nicotinic binding character also have been known to exist in

the central and peripheral nervous system (reviewed in Refs. 4

and 5). However, most of the neuronal AChRs whose subunit

cDNAs were cloned initially appeared not to be sensitive to

icBgl when expressed as functional AChRs in oocytes (reviewed

in Ref. Ii) and rflAl)s to AChR cu, o3, o4, o5, �31, f32, �34, y, or 5

subunits do not immunoprecipitate neuronal AChRs that bind

(5Bgt (7-111.

The cloning of t��i) suljutiits of the uBgt-sensitive AChRs,

n7 and �S (12. 13), has elicited new interest in characterizing

these elusive AChRs. A recent wave of articles triggered by the

cloning of the at tDNA describe and dissect the functional
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properties of ce7 homomers such as desensitization ( 14), affinity

for cholinergic ligands (15-18), and ion selectivity (19).

Characterization of the native aBgt-sensitive AChRs, how-

ever, is still in its infancy (reviewed in Ref. 5). Immunoaffinity

purification of ceBgt-sensitive AChRs from chick brain and

retina reveals the existence of at least three subtypes: an a7-

containing subtype (termed v7 AChR), which predominates in

brain; an t�8-containing subtype (termed cs8 AChR), which

predominates in retina; and a third subtype containing both ce7

and ca8 subunits (termed a7a8 AChR), which is not as abundant

either in brain or retina (13, 20-22). Affinity-purified aBgt-

sensitive AChRs appear to be composed of more than a single

type of subunit. Preparations not fractionated into ct7 and cr8

AChR subtypes are reported to consist of at least three different

protein bands of apparent molecular masses of ‘-52 kDa, ‘-57

kDa, and --67 kDa (23). However, the complete subunit com-

position of no subtype has been determined. The ‘-57 kDa band

has been reported to correspond to the ct7 subunit (24). Limited

functional characterization of these AChRs, using electrophys-

iological methods (25, 26) and calcium-imaging techniques (27),

have been carried out. Previously, we showed that ct7 AChRs

have the high affinity for csBgt expected of such AChRs (Kd =

ABBREVIATIONS: �Bgt, �-bungarotoxin; ACh, acetyicholine; AChR, acetylcholine receptor; Deca, decamethonium; DMPP, 1 ,1 -dimethyl-4-phenyl-
piperazinium; EGTA, [ethylene-bis(oxyethylenenitrilo)]tetraacetic acid; Hex, hexamethonium; mAb, monoclonal antibody; PBS, phosphate-buffered

saline; RIA, radioimmunoassay; TEA, tetraethylammonium; TMA, tetramethylammonium.
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2.1 nM), whereas a8 AChRs had much lower affinity for aBgt

(Kd 17.2 nM) and consequently would not have been detected

by previous investigators (20).

In this article, we describe, for the first time, detailed phar-

macological charc�terization of a7 AChRs and a8 AChRs from

chick retina. We show that the a8 AChRs exhibit two classes

of binding sites. The a8 AChR low affinity sites display affin-

ities similar to those of a7 AChRs. However, the a8 AChR high

affinity sites display >1000-fold higher affinity for ACh and

decamethonium and >100-fold higher affinity for DMPP, atro-
pine, nicotine, and TMA than do a7 AChRs.

Materials and Methods

Monoclonal antibodies. mAbs to a7 (318, 319) and to a8 (305,

308) have been described previously (12). Using synthetic peptides, the

epitope for mAb 318 was mapped to within cw7:380-400, mAb 319 to

cs7:365-384, and mAb 308 to a8:323-342, whereas mAb 305 binding
was found to depend on the native conformation of ct8 (28). The mAbs
were affinity purified using protein G coupled to agarose.

Detergent solubilization of aBgt-sensitive AChRs from chick
retina. Detergent extracts of aBgt-sensitive AChRs from retinae of
embryonic day 18 (E18) chicks were prepared in the following manner.

Retinae were dissected from the birds and then frozen at -80’ . The
frozen tissues were thawed in 10 vol of homogenization buffer (50 mM

phosphate buffer, pH 7.5, 1 M NaC1, 5 mM EDTA, 5 mM EGTA, 2 mM

phenylmethylsulfonyl fluoride, 5 mM benzamidine, 5 mM iodoaceta-
mide) and then homogenized on ice for 2 mm at 15,000 rpm with a

Brinkman Polytron. After dilution with another 10 vol of the homog-
enization buffer, the homogenate was centrifuged at 50,000 rpm in a
Beckman 50.2 Ti rotor for 30 mm at 4’ . The pellet was homogenized
again in an equal volume of buffer, this time containing only 50 mM
NaC1, and centrifuged to further extract-soluble components. The
pellet was then extracted with 4 vol of a solubilization buffer (2%
Triton X-100, 50 mM NaC1, 50 mM sodium phosphate, pH 7.5), and

the same mix of chelating agents and protease inhibitors was used in
the homogenization buffer. After initial disruption of the pellet for 15

sec at 10,000 rpm with a Brinkman Polytron, the resuspended pellet
was shaken for 2 hr at 4’. The mix was then centrifuged at 50,000 rpm

in a Beckman 50.2 Ti rotor at 4’ for 30 mm and the clear supernatant

was used for subsequent experimentation. The concentration of csBgt-

sensitive AChRs in the resulting extracts was typically 1-2 nM.

Immunoaffinity separation of a7 AChRs and a8 AChRs. De-

tergent extracts ofEl8 retina were depleted ofall a8-containing AChRs
(i.e., cs8 AChRS and a7a8 AChRs) using purified mAb 305 coupled at

2 mg/ml of gel to Actigel ALD (Sterogene) according to the manufac-
turer’s instructions. Extracts were incubated at 4’ using gentle agitation

with mAb 305-coupled beads at a ratio of 1:7 (bead/extract) overnight.
The beads were then removed by brief centrifugation. The efficacy of
depletion was then tested by solid phase RIAs using mAb 305-coated
microwells and 100 nM ‘9aBgt. Similarly, retina extracts were depleted
of all a7-containing AChRS (i.e., a7 AChRS and a7a8 AChRs) using
purified mAb 318 coupled at 5 mg/ml of gel to AffiGel H2 (BioRad)

according to the manufacturer’s directions. The mAb 318-coupled beads
were then used in depletion experiments in the same way as were the
mAb 305-coupled beads. The extent of depletion of a7-containing
AChRs was determined by solid phase RIAs using mAb 318-coated

microwells and 50 nM ‘�IaBgt. Bound ‘2tIaBgt was determined by
gamma counting. Nonspecific binding was determined using microwells
not coated with mAbs.

Radioimmunoassays. The total amount of aBgt-sensitive AChRs

and the efficacies of depletion of the subtypes were determined by solid
phase RIAs using mAb-coated microwells. Protein G affinity column-
purified mAb 305 and 318 were coupled to Immulon 4 Removawells

(Dynatech) by incubating 100 �sl/well of 40 �g/ml mAb in 10 mM

sodium bicarbonate buffer, pH 8.8, overnight at 4’ . After three washes
(200 �l each) with the bicarbonate buffer, the wells were quenched with

200 �l of a solution containing 3% BSA in PBS-Tween 20 ( 100 mM

NaC1, 10 mM sodium phosphate buffer, pH 7.5, and 0.05% Tween-20)
for 2 hr. The wells were then washed three times with 200 �l of the
PBS-Tween buffer.

The total amount of a7 AChRs was measured by solid phase RIAs

using wells coated with mAb 318 in 100-�tl assays containing 50 nM

‘25IaBgt and the total amount of a8 AChRs was measured similarly

except using mAb 305 and 100 nM ‘�IaBgt.

Pharmacological assays. Pharmacological characterization of the
chicken retina aBgt-sensitive AChRS was performed by competitive
inhibition of ‘25IaBgt binding by various ligands to immuno-immobi-
lized AChRs on mAb-coated Immulon 4 microwells. Diluted Triton X-

100 extracts (100 Ml� 0.2-0.3 nM) were added to each well and incubated

overnight at 4’ . The wells were then washed and incubated with various
concentrations ofthe ligands for 20 mm before the addition of ‘25InBgt.

The assays were performed in a total volume of 100 Ml in duplicate and
using 2 nM ‘25IaBgt for the a7 AChRS or 20 nM ‘25InBgt for the a8

AChRs. After a second incubation overnight at 4’, the wells were rinsed

three times with --200 �il of PBS-Tween 20 buffer and then counted in

a gamma counter.

Data analysis. Experimental data from the a7 AChRs fitted well
to the Hill equation. Experimental data for the n8 AChRs were fitted
to one- and two-binding site models using a nonlinear least square
analysis program, and F tests (29) were performed to test whether the
fits were significantly better to the one- or two-binding site model.

Results

Immunoaffinity separation of a7 AChR and a8 AChR
subtypes. We have shown previously that in E18 chick retina
‘-36% ofall aBgt-sensitive AChRs are ofthe a7 AChR subtype,

-41% are of the a8 AChR subtype, and ‘-23% are of the s7cs8

AChR subtype (20). To achieve extracts containing only cs7

AChRs, we depleted Triton X-100 extracts of retina with mAb

305-coupled agarose beads (anti-a8 mAb beads) and tested the
efficacy of depletion by solid phase RIAs using mAb 305-coated

microwells. In this way, we typically achieved >99% depletion

of all a8-containing AChRs (i.e., both the a8 AChRs and the

a7aS AChRs). Using a similar strategy, Triton X-100 extracts

of retina were depleted of all a7-containing AChRS (i.e., both

the �7 AChRs and z7a8 AChRs) using mAb 318-coupled aga-

rose beads (anti-a7 mAb beads) and the efficacy of depletion

was tested by solid phase RIAs using mAb 305-coated microw-

ells. Unlike the depletion of the a8-containing AChRs, deple-

tion of all ce7-containing AChRs ranged between 90-95%, de-

spite two successive cycles of depletion using large excesses of

mAb-coupled agarose beads, probably because of the lower

affinity of mAb 318 for a7 AChRs. Depleted extracts were then

used for all pharmacological assays.

Pharmacological characterization of the a7 AChRs.
Pharmacological characterization to test the relative efficacies

by which various ligands inhibit binding of ‘25IaBgt to the a7

AChRs was carried out by solid phase RIAs using various

concentrations of ligands. Competitive inhibition of ‘2�IaBgt

binding was carried out in the presence of 2 nM ‘25IctBgt, which

is close to its Kd 2.1 nM (20). Fig. 1 (top) shows the ‘25IaBgt
inhibition curves for typical cholinergic agonists and Fig. 2

(top) for typical cholinergic antagonists and also for an atypical

ligand, strychnine. The relative efficacies of the ligands were
found to be: csBgt >> nicotine � cytisine > curare � strychnine

> trimethaphan > DMPP � atropine � ACh > TMA � Deca

> TEA > carbamylcholine � Hex. The affinities of the various

ligands did not appear to be influenced by the binding of mAb

318 to the solubilized AChR, because nearly identical affinities
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Fig. 2. Antagonist Profiles of Detergent-Solubilized a7 AChRs and a8
AChRs. Pharmacological characterization was performed by competitive
inhibition of 125laBgt binding by various ligands to AChRs solubilized with
Triton X-100 and then immuno-immobilized on Immulon 4 microwells
coated with either antibody specificfor a7 subunits (mAb 31 8)or antibody
specific for a8 subunits (mAb 305). Competitive inhibition was performed
in the presence of either 2 n� (for a7 AChRs) or 20 n� (for a8 AChR5)
125laBgt. Representative dose-response curves from one experiment are
shown. The curves are the best fits obtained with the Hill equation (for
the a7 AChRs), and a two site equation (for the a8 AChRs). Each data
point is the mean of the values obtained from duplicate determinations.
The figure shows competitive inhibition of 125laBgt binding by the antag-
onists curare, strychnine, TEA, and trimethaphan to a7 AChRs (top
panel) and to a8 AChRs (bottom panel).

the ligands for the high affinity site were found to be: nicotine

� ACh � cytosine > DMPP � Deca � atropine � curare >

strychnine � TMA � trimethaphan > ceBgt � TEA � carba-

mylcholine > Hex, whereas the relative efficacies for the low

affinity site were similar to, but different from, those of ct7

AChRs.

Table 1 summarizes the pharmacological properties of a7

AChRs and a8 AChRs. Interestingly, both subtypes display

micromolar affinities for strychnine (a glycinergic antagonist)

and atropine (a muscarinic antagonist). Fig. 3 demonstrates

that although ct8 AChR high affinity sites have lower affinity

for aBgt than do a7 AChRs, aS AChRs have higher affinity for

all the other small ligands tested. As seen from this plot, IC50s

for ligands that are most displaced from the diagonal corre-

spond to ligands that best differentiate between a7 AChRs and

cr8 AChR high affinity sites, i.e., ACh (‘-5400-fold), decame-

thonium (‘-1400-fold), DMPP (-200-fold), atropine (-200-

fold), nicotine (‘-100-fold), and TMA (‘-100-fold). Some of

these ligands also show characteristic differences in affinity for

a7 homomers (17) and a8 homomers’.

1048 Anand et a!.
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Fig. 1. Agonist Profiles of Detergent-Solubilized c�7 AChRs and a8

AChAs. Pharmacological characterization was performed by competitive
inhibition of 125laBgt binding by various ligands to AChRs solubilized with
Triton X-100 and then immuno-immobilized on Immulon 4 microwells
coated with either antibody specificfor a7 subunits(mAb 31 8)or antibody
specific for a8 subunits (mAb 305). Competitive inhibition was performed
in the presence of either 2 n� (for a7 AChRs) or 20 riM (for a8 AChRs)
125laBgt. Representative dose-response curves from one experiment are
shown. The curves are the best fits obtained with the Hill equation (for
the a7 AChR5), and a two site equation (for the a8 AChRs). Each data
point is the mean of the values obtained from duplicate determinations.
The figure shows competitive inhibition of 125laBgt binding by the agonists
ACh, Carb, cytisine, nicotine and TMA to ce7 AChRs (top panel) and to
ce8 AChRs (bottom panel).

were obtained when r7 AChRs were tethered by mAb 319

(which maps to a nearby epitope).

Pharmacological characterization of cr8 AChRs. The

Kd of aBgt for a8 AChRs has been shown previously to be 17

nM (20). Hence, competitive inhibition by various ligands of

t25IaBgt binding to a8 AChR was carried out in the presence

of 20 nM 12alcsBgt. Fig. 1 (bottom) shows the ‘25IaBgt inhibition

curves for typical agonists and Fig. 2 (bottom panel) for some

antagonists. The ‘2tIaBgt inhibition curves for all ligands were

better fitted for two classes of binding sites than for one class

of binding sites (p < 0.05). The two-site fit is graphically

evident for agonists ACh and nicotine (Fig. 1) and antagonist

TEA and curare (Fig. 2) where the ligands exhibit large differ-

ences in affinity for the two classes of binding sites. Further-

more, this heterogeneity is not caused by the binding of mAb

305 (which binds to an epitope on the extracellular surface of

the a8 AChR, unpublished observations) as very similar bind-

ing curves for cytisine were obtained when the solubilized aS

AChRs were tethered instead by mAb 308 (which maps to an

intracellular epitope on the large cytoplasmic domain between

transmembrane domain M3 and M4). The relative efficacies of
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2P.Juiz,M.Criado, and J. Lindstrom, unpublished observations.

TABLE 1
Pharmacological characterization of retina a7 AChRs and a8 AChRs
The lC� s shown are the mean ± SE from duplicate determinations.

Ugand a7 AchRs
(lc,�. �M)

cs8 AchRs

ic,� (site 1), �M
Tot�stes c� (site 2), st�

(%(

Acetylcholine 160 ± 26 0.031 ± 0.01 55 390 ± 120 45
Atropine 120 ± 12 0.58 ± 0.12 66 53 ± 22 34
a-Bungarotoxin 0.00191 ± 0.0002’ 0.0224 ± 0.001�
Carbamylcholine 1580 ± 320 50 ± 7 73 1400 ± 540 27
Curare 7.3 ± 2 0.79 ± 0.24 55 65 ± 28 45
Cytisine 2.0 ± 0.1 0.035 ± 0.005 67 0.94 ± 0.14 33
DMPP 83 ± 6 0.39 ± 0.09 71 26 ± 15 29
Decamethonium 680 ± 21 0.47 ± 0.17 45 2800 ± 1900 55
Hexamethonium 1650 ± 51 0 190 ± 53 59 6200 ± 2300 41
L-nicotine 1 .3 ± 0.6 0.01 2 ± 0.002 78 1 1 ± 5 22
Strychnine 9.9 ± 0.4 2.0 ± 0.4 76 18 ± 12 24
Tetraethylammonium 1 420 ± 3 57 ± 9 70 5700 ± 1 500 30
Tetramethylammonium 400 ± 1 10 8.0 ± 1 77 700 ± 360 23
Trimethaphan 38.0 ± 7 13 ± 3 66 240 ± 100 34

I K0.

Fig. 3. Correlation of Affinities for Various Ligands Between a7 AChRs
and a8 AChRs. A comparison of the affinities of detergent solubilized a7

AChRs and a8 AChR high affinity site is shown as a log lC�-log lC�
plot. The diagonal line shows the expected result if a7 AChRs and a8
AChRs had identical affinities. Points displaced to the left indicate higher
affinity for a8 AChRs - in fact, this includes all small cholinergic ligands
tested. Points displaced to the right indicate higher affinity for a7
AChRs - in fact this applied only to aBgt among the ligands tested.

Discussion

Native aBgt-sensitive AChRs from brain and retina have not

yet been fully characterized. Their subunit composition and
stoichiometry have yet to be elucidated and none of the other

cloned neuronal AChR subunits is thought to be associated
with the a7 and a8 subunits in their native state. However,

cloning of the a7 and a8 subunit cDNAs, and the subsequent
use of their cytoplasmic domain fragments as immunogens, has

allowed us to raise subunit-specific mAbs (12). These mAbs
have been used to histologically localize ce7 AChRs, a8 AChRs,

and ce7ce8 AChRs in both chick brain and retina (20-22, 30)

and a7 AChRs in rat brain.2 Using these a7 and �8 subunit-

specific mAbs and Triton X-100 extracts of chick retina, we
have immunoisolated a7 AChR subtypes from ce8 AChR sub-
types. Scatchard analysis of ‘25IaBgt binding to these two
subtypes had previously indicated that a7 AChRs exhibited
--10-fold higher affinity for ceBgt than did a8 AChRs (20).

In this article, we describe a more complete pharmacological

characterization of the a7 and a8 AChRs. Using competitive
inhibition of ‘2�IaBgt binding by various ligands to a7 AChRs

and a8 AChRs, we show that the ct8 AChRs show further
heterogeneity in that they exhibit two classes of binding sites.

The ce8 AChR high affinity sites show between 100-1000-fold

higher affinity for ACh, Deca, DMPP, atropine, nicotine, and

TMA than do ct7 AChRs, whereas the a8 AChR low affinity

sites exhibit affinities of the same order, but distinct from, a7

AChRs.
The simplest explanations for the two classes of binding sites

in ce8 AChRs are: 1) intramolecular heterogeneity and 2) inter-

molecular heterogeneity. The intramolecular heterogeneity
could be generated by association of a8 subunits with different

structural subunits as would be in an AChR of subunit com-
position a8(lxa8(3y(?z or by heterogeneity in the a-subunit as

would be in an AChR of subunit composition a8flxayflx$x.
There is a precedent for the former case in muscle-type
a1�ya1#{244}/�AChRs, where the two binding sites are formed at the
cal- and ‘y-interface and the al- and 5-interface (31). However,

an alternative possibility is that the two sites are the result of

two subtypes of ct8 AChRs, wherein each subtype is generated

by association of the a8 subunit with different structural sub-

units as would be in a mix of AChRs of composition
a8f3xa8f3xf3x and a8f3ya8�1y�!y.

Pharmacological characterization of a7 homomers ( 13, 17,
18) and a8 homomers’ expressed in oocytes reveals that ce8

homomers also display striking differences in their affinity for

ACh, cytosine, and DMPP, when compared with a7 homomers.
Thus, it appears that the pharmacological differences observed

between the native ce7 AChRs and the native a8 AChRs may
be accounted for, to some degree, by the differences between

the amino acid sequences of a7 and a8 subunits. However,
while detergent-solubilized native a7 AChRs do not appear to

show marked a difference in their affinity for most cholinergic
ligands when compared with detergent-solubilized a7 homo-

mers expressed in oocytes (18), they do show a ‘-50-fold differ-
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ence in their affinity for cytosine, which we take to be indicative
of the presence of structural subunits in the native ctBgt-

sensitive AChRs. It has been shown previously that cytosine, a
rigid ACh analogue, is very sensitive to the presence of struc-

tural subunits because a3�32 AChRs show ‘-100-fold difference

in affinity for cytosine when compared with a3fl4 AChRs (32).

Thus, structural subunits do appear to participate in binding
to or indirectly influence the binding of a7 AChRs and a8

AChRs to at least some of the ligands.
In summary, we have demonstrated a paradoxical difference

in pharmacological properties of ct7 AChRs and ct8 AChR high
affinity sites: Although aS AChR high affinity sites have lower
affinity for aBgt than do a7 AChRs (and consequently have
evaded detection by previous investigators who have labeled

tissue with <5 nM aBgt), nonetheless, a8 AChR high affinity
sites have much higher affinity for all small cholinergic ligands

tested. Because it turns out that these pharmacological prop-
erties are also true of a7 homomers (18) and a8 homomers,’

future in vitro mutagenesis experiments with these homomers

that take advantage of the limited sequence differences between
a7 and a8 subunits may be able to define many of the amino

acids responsible for the differences in pharmacological prop-
erties between a7 AChRs and a8 AChR high affinity sites. The

relatively high affinity of a8 AChRs for small cholinergic
ligands suggests that these AChRs may play a larger role in the

effects of nicotine and other cholinergic ligands in vivo than
might previously have been expected of neuronal AChRs that
bind aBgt. Another interesting anomaly is the relatively high
affinity of a8 AChRs for the muscarinic antagonist atropine or
the glycinergic antagonist strychnine. For example, atropine
has slightly higher affinity than the classic nicotinic antagonist

curare, and strychnine has less than 3-fold lower affinity than

curare.
Future experiments will also be necessary to purify and

analyze the complete subunit compositions and stoichiometries
of the aBgt AChR subtypes. Then it will be necessary to test
this analysis by co-expressing these combinations of subunits

from their cDNAs and determining whether the expressed
AChRs exhibit pharmacological properties identical to those of
native AChRs described here.
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